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suMMmY

!l?urbulent-heat-transfermeasurementswereobtainedthroughtheuse
ofanaxiallysymetricannularnozzlewhichconsistsofaninner,shaped
centerbodyandanoutercylindricalsleeve.Measurementstakenalong
theoutersleevegaveessentiallyflat-plateresultsthatarefreefrom
wallinterferenceandcornereffectsforaMachnuniberof3.90andfora
Reynoldsnuuiberrangeof6.3x 105to7.0x 107. ~ heat-transfer-
coefficientresultsareslightlyhigherthantheoreticalresultsfora
Machnuniberof4.0andfora ratioofinside-surfacetemperaturetofree-
streamtemperatureof4.2.Thetemperature-recoveryfactorsrangefrom
a~roximately0.89ata Reynoldsnuuiberof6.3x 105toa~roximately0.86
ata Reynoldsnuniberof7.0X 107.

INTRODUCTION

Thedesignofhigh-speedaircraftandmissilesrequiresengineering
informationaboutheat-transfercoefficientsandtemperature-recovery
factorsforhighspeedsthatextendovera widerangeofReynoldsntier.
Inreferences1,2, 3, and4,localturbulent-heat-transfermeasurements
arepresentedforwch nuuibersof3.03,2.06,1.62,and0.87,respectively.

Thepurposeofthisinvestigationistoextendtheworkofreferences
1 to4to aMachnuniberof3.90. Thesametypeofa~aratusandmethod
ofreducingthedatawasusedinthisinvestigationasemployedinref-
erences1 to4. ThersmgeofReynoldsnuniberforwhichmeasurementswere
obtainedisfrom6.3x ld to7.0x 107. Theratiooftheinside-surface
temperaturetofree-stresmtemperaturevariedfrom4.2to3.5.
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SYMBOIS

c

%

g

h

k

M

Nu

Pr

R

St

Tav

T=

Tt

‘%?

Tm

t

v

w

x

specificheatof

specificheatof

accelerationdue

sleevematerial,Btu/(lb)(%)

airatconstantpressure,Btu/(Ib)(%)

.
togravity,ft/sec2

heat-transfercoefficient,Btu/(see)(sqI%)(%)

heatconductivity,Btu/(sec)(f%)(%)

Machnuniber

I?usseltnmiber,W/k

Prandtlnuuber,~cpg/k

Reynoldsnuniber,pVx/y

hStantonnuniber,* s—
Pvcpg

averagewalltemperature,%

effectivestreamairtemperatureatwallj sometemperature
whichgivesa thermalpotentislwhichisindependent03
heat-transfercoefficient,%

stagnationtemperature,OR

tnside-surfacetemperatureofnozzlesleeve,%

free-streamtemperature,OR

the, sec

free-streamvelocity,ft~sec

specificweightofsleevematerial,lb/sqft

longitudinsJdistancealongsleeve,ft(unlessindicated
otherwise)
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P

Te- Tm
recoveryfactor,Q-T=

-C viscositycoefficient,lb-sec/sqft

free-streamdensityofair,slugs/cuft

APPARATUSANDMETHOD

Theapparatusconsistedofanaxiallysymnetricannularnozzlewhich
wasdirectlyconnectedtothesettlingchsnberofoneofthecold-air
blowdownjetsoftheLsmgleygasdynamicslaboratory.Thenozzlehada
shapedwoodencenterbodyandtwooutersleeves.Onesleevewascon-
structedof8-inch-dismeter,extraheavy,seamless,carbon-steelpipe,
andtheothersleevewasconstructedof1/16-tichstainlesssteelwhich
wasrolledintoa cylinderandwelded.Bothofthecylindersweresurface
machinedinsideandoutsidetowallthiclmessesof0.388inchand
0.060inch,respectively.Thecoordinatesofthecenterbodyaregiven
intable1. Anothernozzleofsimilarconstruction,havinga sleevewall
thicknessof0.750inch,aninsidediameterof11.000inches,andanover-
alllengthof84tnches,wasusedforpartofthetest%.

A detaileddrawingoftheapparatusisshowninfigure1 whichgives
thelocationsofthethermocouplesandstatic-pressureorifices.Details
oftheapparatusandmeasuringequipmentaregiveninreferences1 and2.
TheMachnunberdistributionisshowninfigure2.

Forthisinvestigation,testrunsweremadeforsettling-chsaiber
pressuresof31,353,395,and410lb/sqin.gage.Excludingthefirst
20seconds,thepressuresweremaintainedconstantforeachtestrun.
Thestagnationtemperaturestartedatessentiallyroomtemperature,
decreasedasthepipingwascooled,andatanarbitrarytimeincreased
duetotheadditionofheat.Thisvariationisillustratedinfigure3
wherestagnationtemperatureisplottedagainsttimefora settling-
chamberpressureof353lb/sqin.gage.

Thewalltemperaturestartedapproximatelyatthestagnationtem-
peratureandtendedtoapproachtheequilibriumtemperaturewhichwas
approximately50°R belowstagnationtemperature.Thisvariationis
showninfigure4wherewaU temperaiau?eatstation14isplotted
againsttimefora settling-chsaiberpressureof353lb/sqh. -e.

In figure5 amplotted,forvarioustimesduringthetestrun,the
valuesofwalltanperatureagainstlongitudinaldistancealongthecyl-
tider.Thesevalueswereusedtodeterminetherateofchangeofthe
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longitudinal
d%

av slongthecylinder.conductionk —
d

Testresultswere

d%av
takenonlyforthelengthofthecylinderforwhichk~ = O.

REMJCTKMMOFDATA

Theeqyationsusedinreducingthedata

_Te-Tm
Tr KC+-Tm

h .~c‘av/dtTw- Te

Nu= StRPr

&

me

(1)

(2)

(3)

(.4)

Themethodconsistsofselectinga recoveryfactorandthenobtaining
Te fra equation(1).Foreachrecoveryfactorthatisselected,the
correspondingquantity~ - Te isdeterminedsmdthenplottedagainst

mthequantitywc-& (theheatinput).Thecurveconnectingthese
pointsisa straightline(eq.(2)).Thetruevaluesof Te and ~r
sreobtainedwhenthelinegoesthroughzero.Theslopeofthisline
iS the value of h. Figure6 showsthevaluesusedindeterminingthe
recoveryfactorand h atstation14fora seti%-chauiberpressureof
353lb/sqin.gage.

TheSt-tonnumberiscalculatedfromequation(3),andtheNusselt
nuniberiscalculated
(On) andviscosity
upon Z& Thevalue

.
afterstarting.
sleevematerialwere

fromequation(4.).The‘valuesGf-ibxmdtltier
ofairweretakenfromreference5 andwerebased
of ~ usedwasthatvaluemeasured80seconds
valuesofspecificheatandspecfiicweightofthe
alsotakenfromreference5.
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RESUILE3ANDDISCUSSION

,

Figure7 showsthevariationoflocalNussel.tnunberwithlocal
Reynoldsnmiber.Thevalueof x usedinevaluatingthesenmibershas
beenadjustedfor x = O location(theeffectivebeginningofthetur-
bulentboundarylayer)bythemethodofreferences1 and2. The x = O
locationsare4.0fichesdownstreamoftheminimumstationfora settl3.ng-
chsmberpressureof31lb/sqin.gageand10.0inchesupstreamofthe
minimumstationfortheotherpressures.TheNusseltnuuberswerefound
tovaryfromMO to23,000fortheReynoldsnuuiberrangeof6.3x ld
to 7.0x 107. Forcmparison,thecurvesfor M = 4.0 and Tw/Tm= 4.2
oftheVanDriestanalysis(ref.6) areshown.Theaveragevalueof
~/& forthetestresultswas4.2to3.5.Thedatawerecomputedby
usingfree-streamtemperaturetodeterminethedensityandvelocity.
Thew&LltemperaturewasusedtodeterminetheviscoBityandPrsndtl
nunber.Thedataareslightlyabovethe M = 4.0 curve.

Figure8 showsthevariationoflocaltqerature-recoveryfactor
withlocalReynoldsnunhr. Thevariationisfromapproximatdy0.89
at6.3x105toa~roximat~0.86at7.oX107. Alsoincludedfor

comparisonarethecurvesfortherecoveryfactorequalto l?#/3

and Prl/2.TheWSU temperaturewasusedtodeterminethePrandtl
nuniber.

CONCLUDINGREMARKS

ZIWbulent-heat-trsnsfermeasurementsthatgaveessentiallyflat-
plateresultswereobtatiedfora Machnurriberof3.90andfora Reynolds
n~er rangeof6.3x @ to7.ox 107. TheNusseltnunbersareslightly
higherthan the theoreticallyderivedNusseltnumbersfora Machnuuber
of4.0. Thetemperature-recoveryfactorsshowa decreasewithReynolds
nwiberfromapproximately0.8gat6.3x @ toapproximat~0.86at
7.0x 107.

IangleyAeronauticalIdboratory,
.NationelAdvisoryCommitteeforAeronautics,

IangleyField,Vs.,April25,1956.
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WLE I.-CENTER-BODYCOORDIIUT!ES

c,in.

.4.7

.4.5
-4.0
-3.0
-2.5
-2.0
-1.5
-1.0
-.8
-o
-. :
-.2
0
.25
.50
-75

1.00
1.25
1.50
l.~
2.00
2.25
2.50
2.75
3.00
3.25

kdius,in.

2.000
2.020
2.120
2.5bo
2.805
3.095
3.360
;.:g

3:690
3.732
3.760
3.7707
3.76bo
3.7430
3.7126
3.6739
3.6289
3.5774
3.5203
3.4585
3.3927
3.3237
3.2520
3.1786
3.1042

x, in.

3.50
3*75
4,00
4.50
5.00
5.50
6.00
7.00
8.00
9.00

10.00
11.oo
12.oo
13.00
14.00
15.00
16.00
17.00
18.00
18.7&
19.00
20.00
2’j*oo
30.00
35.00
37*5O
40.50

?adius,in.

3.0295
2.9555
2.8834
2.7473
2.6221.
2.5067
2.4002
2.2093
2.0440
1.8995
1.7734
I. 66b7
1.5722
1.4950
1.4324
1.3838
1.3486
1.3258
1.3139
1.3U.2
1.3029
1.2919
1.2369
1.1819
1.126g
1.0994
1.9070
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Figure2.-Mach numberdiatribution for aettllng-chmberpremure d
353 M@ in. gage.

?!*
s!

u)



z

G
/ 4

* 1

Wo& “ ‘ ;0 I I I I I
40 80 80 100 120 140 160 180

Time, t , sec

Figure 3.- Variationof stagnationtemperaturewithtime for a 8ettling-
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Figure8.- Variationof localrecoveryfactorwith localReynoldsnumber
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